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A B S T R A C T
Changes of abundance that occur in the repertoire of low abundance milk proteins after cessation of milk
removal have not been characterised. Skimmed milk and whey from cows sampled at day 0 and either
day 3 or day 8 after drying off were subjected to three untargeted proteomics techniques; 2-D gel
electrophoresis, GeLC-MS, and dimethyl isotopic labelling of tryptic peptides. The changes observed
included 45 fragments of abundant milk proteins and 36 host-defence proteins, suggesting activation of
proteolysis and inﬂammation. The ﬁndings form a basis for adding value to dairy production.
ã 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Continued production of milk by the mammary gland in a
lactating mammal requires regular removal of milk by the suckling
young or by machine milking. Accumulation of milk in the
mammary gland results in physiological changes that serve to shut
down milk production and initiate remodelling of the gland tissue
to its non-lactating state, a process known as mammary involution.
In dairy cows, mammary involution occurs over a period of three to
four weeks after drying off, during which time the udder gradually
loses its capacity to produce milk upon resumption of milking [1].
The concentration of leukocytes in bovine milk/mammary secre-
tion increases substantially in the ﬁrst seven days after drying off
[2]. In addition, increased expression of inﬂammation- and
oxidative stress-associated genes in the mammary gland has been
observed as soon as 1–2 days after drying off [3]. These data
suggest that substantial physiological changes occur in the udder
during the ﬁrst week of involution.
Drying off is known to result in changes in the composition and
functionality of the secretion retained in the udder cisterns.Abbreviations: BCA, bicinchoninic acid assay; DML, dimethyl labelling; EmPAI,
exponentially modiﬁed protein abundance index; FTMS, fourier transform mass
spectrometry; GeLC, gel electrophoresis-LC-MS/MS.
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4.0/).Transfer of blood proteins into the alveolar lumen occurs in the ﬁrst
few days after drying off, resulting in increased levels of serum
albumin and immunoglobulins in the milk [4,5]. These changes are
thought to occur through either facilitated transport [6] or loss of
integrity of the tight junctions between the mammary epithelial
cells [7]. Also, the relative abundance of the major milk proteins is
altered during this time [8,9]. However despite these observations,
changes in the physiological status of milk during involution or
alterations in the repertoire of low abundance milk proteins during
this time have not been well characterised to date.
Proteomics technologies have been used to characterise the
repertoire of low abundance proteins in bovine milk, revealing the
presence of at least 95 proteins in initial investigations [10] to as
many as 2971 proteins when extreme fractionation and enrich-
ment approaches are used [11]. Proteomics approaches provide an
opportunity to investigate in unprecedented detail the changes in
milk protein composition that accompany physiological responses,
thereby providing insight into the functionality of milk. Such
studies have revealed the presence of many proteins with useful
bioactivities, particularly those associated with host-defence [12].
The physiological response to drying off described above is
similar to the response of the mammary gland during inﬂamma-
tion of the udder (mastitis), such as occurs during intra-mammary
infection. Mastitis in dairy cows is associated with a lowered rate of
milk production, an increase in leukocytes in the milk, and loss of
tight junction integrity [7,13]. Several proteomics studies have
revealed extensive changes in the repertoire of low abundancele under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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antimicrobial, pathogen-recognition and immunomodulatory ac-
tivities [14,15]. We therefore hypothesize that drying off is
accompanied by similar changes among the low abundance
proteins, possibly presenting an alternative means of maximising
yields of host-defence-associated bioactive proteins. To test this
hypothesis, we used three different proteomics technologies to
characterise changes in the low abundance proteins in skimmed
milk and whey at day 3 and day 8 after drying off. The results reveal
changes in the abundance of many proteins, including those with
potentially useful bioactive properties.
2. Materials and methods
2.1. Collection of milk samples
Raw milk samples were collected from 12 pregnant pasture-fed
Friesian–Holstein dairy cows at a single dairy farm, located in the
Waikato region of New Zealand, during late lactation. Their ages
ranged from 4 to 9 years of age. All were milked twice daily until
drying off. The cows were selected based on somatic cell count less
than 200,000 cells/ml in milk from each of their quarters taken
from a morning milking at both one week and two weeks prior to
the experiment. Average SCC was 72,000/ml (SD = 35,000). The
cows were randomly split into two groups of six. The ﬁrst group
was sampled on day 0 (D03), the last day of milking, and day 3 after
drying off (D3) and the second group sampled on day 0 (D08), the
last day of milking, and day 8 after drying off (D8). Milk was
obtained from each quarter and an equal volume of milk from the
four quarters of the six cows in each group was pooled. The milk
samples were centrifuged at 1500  g for 20 min and the fat layer
was removed before storage at 20 C (skimmed milk). An aliquot
of the skimmed milk was centrifuged at 100,000  g for 60 min at
30 C to pellet the casein micelles, and the clear supernatant
(whey) was removed and stored at 20 C. The protein concentra-
tion of all the samples was estimated with a Coomassie blue
binding assay based on that of Bradford [16] using a commercial
reagent (Bio Rad, Hercules, CA, USA). Subsamples of pooled
skimmed milk and whey were lyophilised for quantitative
proteomics analysis. 2-D gel electrophoresis, GeLC and quantita-
tive proteomics were performed on pooled samples per condition
as a means of screening the secretions for candidate protein
responses that could be consistent among individual animals. An
equal volume of skimmed milk or whey from each of the six cows
within a condition was pooled. A pooled milk sample of all 12 cows
on the last day of milking (so a combination of D03 and D08) will be
referred to as D0. Western blot and ELISA was performed on the
individual samples per cow, by mixing equal volumes of milk from
each quarter.
2.2. 2-D gel electrophoresis and sample analysis
A 500 mg portion of the pooled samples from each of the
conditions (D03, D3, D08, D8 for skimmed milk and whey) was
subjected to 2-D gel electrophoresis (2-DE), each in duplicate,
following a previously described method [10]. Samples were
focused on 18 cm pI 3.5–11 NL IPG strips (Amersham, Uppsala,
Sweden), separated in the second dimension using 14% (w/v) SDS-
PAGE gels and then stained with colloidal Coomassie G-250. The
resulting patterns of stained spots were captured using a GS-800-
calibrated densitometer. Image analysis was performed using the
PDQuest v8.0.1 software package (Bio Rad, Hercules, CA, USA),
which produced integrated spot intensities (“volumes”) for each of
the selected spots. These volumes were normalised for unequal
loading or staining among the 2-DE gels using the LOESS local
regression model that is built into the PDQuest software package.2.3. Protein identiﬁcation
Selected proteins detected as spots on the 2-DE gels were
subjected to in-gel trypsin digestion as previously described [15].
Peptides were extracted using pieces ofEmporeTM C18 membrane
(Supelco, Bellefonte, PA, USA) and prepared on an MTP AnchorChip
600/384 TF target plate as described previously [17]. Peptide mass
ﬁngerprinting (PMF, based on MS data) and peptide fragment
ﬁngerprinting (PFF, based on the MS/MS data from some of the
peptides located in the PMF and fragmented by LIFT-TOF) was
performed on an Autoﬂex III TOF/TOF mass spectrometer (Bruker,
Billerica, MA, USA) with FlexControl 3.0 data acquisition software
(Bruker). Peptide identiﬁcation was performed by MASCOT (Matrix
Science, London, UK) against the NCBI non-redundant database,
restricted to Bos taurus (release date, December, 2014). Peptide and
fragment mass tolerances were set to 50 ppm for precursor ions
and 0.4 Da for fragment ions, respectively. Carbamidomethylation
was selected as a ﬁxed modiﬁcation, whereas oxidation on
methionine was selected as a variable modiﬁcation. A MOWSE
score producing a probability value of less than 0.05 was
considered to be a positive identiﬁcation.
2.4. Gel electrophoresis-LC MS/MS (GeLC)
A 50 mg portion of the D0 as well as the D3 and D8 sample pools
were resolved by 1D SDS-PAGE using 12.5% (w/v) Bis–Tris pre-cast
gels (Bio Rad, Hercules, CA, USA) and then stained with colloidal
Coomassie G-250. Each lane was cut into 10 slices. The resulting 60
slices were then destined, the disulphide bonds reduced with
dithiothreitol, the resulting free cysteines alkylated with iodoa-
cetamide, the modiﬁed proteins digested in situ with trypsin, and
the resulting peptides extracted from the gel pieces as previously
described [10]. A 10 mL portion of each of the 60 peptide extracts
was loaded onto a C18 precolumn (Varian Microsorb 300 mm i.d.,
5 mm particles, 300 Å pore size) at a ﬂow rate of 8 mL/min. The
precolumn was then connected with the analytical column
(Microsorb C18, 20 cm, 75 mm i.d., 5 mm particles, 300 Å pore
size), and eluted at a ﬂow rate of 150 nL/min, with a gradient from
2% to 55% solvent B in 50 min. Solvent A was HPLC-grade H2O
(Fisher Scientiﬁc, USA) with 0.2% (v/v) formic acid, and solvent B
was LC-MS-grade acetonitrile containing 0.2% (v/v) formic acid.
The column outlet was directly connected by a nano-electrospray
source to a Q-STAR Pulsar i mass spectrometer (Applied
Biosystems, USA) which was programmed to acquire tandem
mass spectrometry (MS/MS) traces of 1+, 2+, 3+, 4+ and 5+ ions. The
MASCOT software package (Matrix Science, UK) was used to
extract peak lists from the data ﬁles. The top three precursor ions
were selected and dynamic exclusion was enabled for 30 s after a
repeat count of 2. The peak lists from all m/z segments of each
sample were combined and imported into the ProteinScape v2.1
software package (Bruker) resulting in the collection of 55366
spectra. The data was used to query the NCBI non-redundant
database (release date, January, 2012) restricted to Bos taurus
taxonomy using MASCOT. Search parameters for peptide and
fragment mass tolerances were set to 100 ppm for MS and 0.6 Da
for MS/MS, respectively, with allowance made for one missed
tryptic cleavage. Modiﬁcation of cysteine through carbamidome-
thylation, was selected as a ﬁxed modiﬁcation, while oxidation on
methionine, deamination of asparagine and glutamine, and
phosphorylation of serine and tyrosine were selected as variable
modiﬁcations. A signiﬁcance threshold of less than 0.05 was
selected and all searches were conducted using the peptide-decoy
option selected within ProteinScape. This produced an average
false discovery rate of 1.4%. The exponentially modiﬁed protein
abundance index (EmPAI value), calculated by the MASCOT
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protein that was detected.
2.5. Quantitative proteomics
Changes in abundance of proteins between D03 (reference),
D08, D3 and D8 in the pooled skimmed milk as well as pooled
whey were determined using dimethyl labelling (DML) of
peptides essentially as previously described [19,20]. Lyophilized
pooled skimmed milk and whey were resolubilized in water to
1 mL. The concentrations were conﬁrmed using the bicinchoninic
acid assay (BCA) assay and then diluted with water to 10 mg/mL. A
20 mL sub-sample of each was diluted 10-fold in a buffer
containing 100 mM Tris–HCl, pH 8.0, 4% (w/v) SDS, 0.1 M
dithiotreitol. Samples were then incubated for 10 min at 95 C,
cooled to room temperature and centrifuged at 18,000  g for
10 min. A 20 mL portion of the diluted sample was mixed with
180 mL of a solution containing 0.05 M iodoacetamide, 100 mM
Tris–HCl pH 8.0, and 8 M urea in a low protein binding Eppendorf
tube and incubated for 10 min with moderate shaking at room
temperature. The solution was then transferred to a ﬁlter unit
(OD003C34; MWCO Membrane Nominal Pore Size 3 K, Pall,
Washington, NY, USA) and centrifuged at 16,000  g for 30 min. A
further 100 mL of the iodacetamide/urea solution was added to
the ﬁlter, incubated for 10 min, and the ﬁlter was then centrifuged
again. This wash step was then repeated three more times. A ﬁnal
wash was then performed using 110 mL of 0.05 M ammonium
bicarbonate. The ﬁlter was then transferred to a new low-binding
Eppendorf tube and incubated overnight at room temperature
with 100 mL of a solution containing 0.05 M ammonium
bicarbonate and 0.5 mg trypsin. The sample was then centrifuged
at 16,000  g for 30 min, and 3.5 mL 10% triﬂuoroacetic acid was
added to the ﬁltrate to lower the pH to 2.
The digested samples were labelled with methyl groups using
either a light (D03) or a heavy (D3, D08, and D8) isotope
formaldehyde reagent, the latter containing a deuterium isotope
(Cortecnet, Paris, France). In both cases, labelling was carried out
on stage tip columns packed with 2 mg Lichroprep C18 (25 um
particle size) matrix (Merck, Amsterdam, The Netherlands) using
sodium cyanoborohydride, as previously described [21]. The
columns were washed twice with 200 mL methanol before use
and conditioned with 100 mL of 1 mL/L formic acid before loading
the sample. The samples were loaded and the columns were then
washed with 100 mL 1 mL/L acetic acid, and then slowly ﬂushed
with 100 mL labelling reagent (0.2% C1H2O or C2H2O and 30 mM
cyanoborohydride in 50 mM phosphate buffer pH 7.5) over 10 min.
The columns were then washed again with 200 mL 1 mL/L acetic
acid. Finally, the labelled peptides were eluted from the columns
with a solution containing 50 mL of 70% acetonitrile and 1 mL/L
acetic acid. The samples were then dried in a vacuum concentrator
(Eppendorf Vacufuge) at 45 C for 20–30 min until the volume of
each sample decreased to 15 mL or less. The pairs of light dimethyl
labelled and heavy dimethyl labelled samples were then mixed
together (each of heavy-labelled D08, D3 and D8 mixed with light
labelled D03) and the volumes of each mixture adjusted to 100 mL
with 1 mL/L acetic acid.
Each light/heavy label mixture was injected onto a
0.10  30 mm pre-concentration column packed with Magic
C18AQ 200A 5 mm beads (Michrom Bioresources Inc., USA) at a
maximum pressure of 270 bar. The peptides were then eluted
from the pre-concentration column onto a 0.10  200 mm
Prontosil 300-3-C18H analytical column at 0.5 mL/min over
50 min, using a gradient of 9–34% (v/v) acetonitrile containing
0.5% (v/v) acetic acid. The column was then washed in a solution
containing 80% (v/v) acetonitrile and 0.5% (v/v) acetic acid over
3 min. An electrospray potential of 3.5 kV was applied directly tothe eluent via a solid 0.5 mm platina electrode. Full scan positive
mode Fourier transform mass spectrometry (FTMS) spectra were
measured between m/z 380 and 1400 on an LTQ-Orbitrap XL mass
spectrometer (Thermo electron, San Jose, CA, USA). CID frag-
mented MS/MS scans of the four most abundant doubly- and
triply-charged peaks in the FTMS scan were recorded in data-
dependent mode in the linear trap (MS/MS threshold = 5.000).
Dynamic exclusion duration was set to 120 s. Automatic gain
control targets were set to 500,000 and 10,000 or maximum ion
times of 500 ms and 100 ms, for the Orbitrap (MS1) and ion trap
(MS2), respectively.
The MS/MS spectra were analysed using the Maxquant
(v1.3.0.5) software package and the Andromeda search engine
as previously described [22] using the following settings;
carbamidomethylation of cysteines was set as a ﬁxed modiﬁca-
tion, up to two missed cleavages allowed, peptide tolerance
20 ppm, fragment ions tolerance 0.5 amu, and oxidation of
methionine, N-terminal acetylation and de-amidation of aspara-
gine or glutamine were set as variable modiﬁcations. Dimethyl
labelling was based on doublets with dimethLys0 and
dimethNter0 as light; dimethLys4 and dimethNter4 as heavy
labels. Razor and unique peptides were used for quantiﬁcation.
Normalized H/L ratios were used for further statistical analysis.
The Uniprot bovine reference protein database for proteins
(http://www.uniprot.org/, accessed June, 2013) was queried,
along with reverse sequences that were generated by Maxquant.
A set of 31 protein sequences of common contaminants was
added, including trypsin (P00760, bovine), trypsin (P00761,
porcine), keratin K22E (P35908, human), keratin K1C9 (P35527,
human), keratin K2C1 (P04264, human), and keratin K1C1
(P35527, human). Search parameters included a maximal mass
deviation of 0.5 Da for MS/MS peaks and 6 ppm for the peptide m/
z. The false discovery rate (FDR) was set to 1% on both peptide and
protein level. The length of peptides was set to at least seven
amino acids. Finally, a positive identiﬁcation required at least two
distinct peptides
Normalized heavy/light ratios of proteins were log2-scaled. A
log2 ratio greater than +2 or less than 2 (implying a 4-fold
difference) was considered signiﬁcantly different between the
conditions. The function of the identiﬁed proteins was extracted
from the UniprotKB database (http://www.uniprot.org/, release
June, 2013). The Gene Ontology (GO) enrichment analysis of
signiﬁcantly changed proteins was done using DAVID bioinfor-
matics Resource 6.7 (http://david.abcc.ncifcrf.gov/). FDR-based
cut-off at p < 0.01 was used. Besides the six pairwise comparisons
using D03 as reference as described above, a D8 versus D08
comparison was also made by determining the D08 and D8 values
from the other comparisons and using this to calculate the D8/D08
ratio, All ratios were corrected for the dilution used to bring the
sample to 10 mg/mL.
2.6. Western blotting and ELISA of selected milk proteins
An equal volume (3.3 ml) of each individual cow sample was
resolved on a 12.5% (w/v) pre-cast SDS-PAGE gel (Bio Rad, Hercules,
CA, USA). The proteins were then transferred to reinforced
nitrocellulose membrane, probed and quantiﬁed as previously
described [23]. The membranes were probed with primary
antibody at concentrations of 0.59, 0.02 and 0.63 mg/mL of IgG
for antibodies directed against chitinase-3-like 1/CG39, comple-
ment C3, and lipopolysaccharide-binding protein, respectively.
Polyclonal antibodies against recombinantly produced bovine
chitinase-3-like 1 were raised in rabbits. Polyclonal antibodies
directed against bovine lipopolysaccharide binding protein (LBP)
were produced by immunising rabbits against a chemically
synthesised peptide (C-PDSSIRQNTKSFRAF; AusPep, Melbourne,
68 I. Boggs et al. / EuPA Open Proteomics 9 (2015) 65–75Australia) derived from amino acid residues 310–324 of the protein
(GenBank accession number AAI10173). The peptide was coupled
to keyhole limpet hemocyanin using 3-maleimidobenzoic acid
N-hydroxy-succinimide ester using an established procedure [24].
Rabbit polyclonal antibodies directed against the a chain of human
complement component C3 was obtained from a commercial
source (GenWay; San Diego, CA, USA) and cross-reactivity with
bovine C3 was experimentally conﬁrmed by the presence of two
bands at 115 and 70 kDa on western blotting.
Speciﬁc signals were detected by probing the membranes using
a conjugate of horseradish peroxidase coupled to goat IgG which
was directed against rabbit IgG (Sigma). The signal was visualised
by enhanced chemiluminescence, the image was captured using a
Chemidoc image capture device (Bio Rad) and the signal intensity
quantiﬁed using the Quantity One software package (Bio Rad). The
mean fold change for each protein was determined by deriving the
ratio of the mean untransformed relative abundance for each
condition across the six replicate cows per group. For samples in
which no signal was obtained at Day 0 and a measurable signal at
either Day 3 or Day 8, a value half that of the lowest detectible level
was assigned to the Day 0 condition in order to facilitate generation
of a fold change. The absolute abundance of lactoferrin and
immunoglobulin A (IgA) in the skimmed milk from each individual
cow was measured using commercially obtained ELISA kits (Bethyl
Laboratories, Montgomery, TX, USA). Statistical signiﬁcance of a
change in abundance between conditions was assessed by
applying the Student’s T test to the normalised spot integrated
intensity (volume) derived from each of the replicate gels. A p value
of less than 0.05 was considered to be a statistically signiﬁcant
difference between the conditions.
3. Results
3.1. 2-D gel electrophoresis
Skimmed milk as well as whey from each group of cows both
pre and post drying off were each analysed in duplicate by 2-DE,
resulting in a total of 16 Coomassie blue-stained gels. Image
analysis using the PDQuest software package revealed 1370 spots,
498 from skimmed milk and 872 from whey. An initial quantitative
assessment of the gels revealed a set of 178 spots that were
apparently altered in abundance during involution. These were
subjected to a more detailed quantitative analysis which identiﬁed
91 spots for which the mean abundance between the replicate gels
was altered at least two-fold between D0 and at least one of the
time points (either D3 or D8). These 91 spots were subjected to
MALDI-TOF analysis resulting in a positive identiﬁcation of 45
spots. These 45 spots are circled, with their identiﬁcation number
within the set of 178 spots indicated in Fig.1. The identities of these
proteins are listed in Table 1 together with the change in
abundance observed. The detailed mass spectrometry data is
presented elsewhere [25]. Differences in abundance between the
pooled samples from the lactating and drying off time points that
met the criteria for statistical signiﬁcance after replicate analyses
are indicated in bold in Table 1. The 45 identiﬁed spots were found
to all originate from only nine proteins, each with various numbers
of spots that are altered in abundance with drying off (Table 2). For
most of these, the apparent molecular weight of the spots was less
than expected for the full length proteins. This suggests that they
are produced as a result of the action of proteolytic enzymes in
milk that are activated after drying off.
3.2. GeLC analysis
The 2-DE gel analysis is limited by its low dynamic range, so
the pooled milk samples were subjected to an alternativemethod for resolving proteins, GeLC. The samples were initially
separated by SDS gel electrophoresis as shown in Fig. 2, the
proteins within gel slices were digested with trypsin, and the
resulting peptides were analysed by tandem MS. Analysis of over
50,000 spectra resulted in the identiﬁcation of 51 distinct
proteins with at least ﬁve peptides present in at least one of
the conditions or an abundance (EmPAI) value of at least 1. These
are listed in Table 3. The number of peptides detected in the
samples ranged from 0 to 60 among the identiﬁed proteins,
producing EmPAI values from 0 to 28. The mass spectrometry
data, including the number of peptides detected for each protein,
along with their EmPAI values and the fold changes compared
with day 0, are presented elsewhere [25]. As expected, those
proteins known to be relatively highly abundant in milk had the
higher numbers of peptides detected for them as well as high
EmPAI values. Both these indicators of protein abundance were
therefore compared for each protein between the lactating and
involuting conditions. The absence of peptides meeting the
criteria for detection was considered a count of zero. For all but
four of the 51 proteins, the exceptions being albumin, IgG1,
lactoferrin and polymeric immunoglobulin receptor, the number
of peptides detected was altered by at least two-fold between day
0 and either day 3 or day 8 of involution (D3/D0 or D8/D0 greater
than 2 or less than 0.5). The latter ratio is presented in Table 3.
Similarly, the EmPAI values for all but two of the proteins, the
exceptions being complement C3 and lactoferrin, were altered by
at least two-fold in either skimmed milk or whey. These results
suggest that the changes to the protein composition of milk
during mammary involution are more complex than was
observed by 2-DE gel analysis. However, for each of the proteins
there was also much variability in the peptide count and EmPAI
values among the samples, suggesting that these parameters are
at best only a rough guide to the changes in abundance of the
proteins between the conditions.
3.3. Dimethyl labelled proteomics
In order to overcome the limitations of the GeLC method in
assessing quantitative changes in the milk proteins after drying off,
the pooled samples were analysed by quantitative tandem mass
spectrometry. This resulted in the identiﬁcation of 65 distinct
proteins for which at least two peptides were detected in at least
one of the pairwise comparisons, and for which the mean of the
log2 of the isotope ratio was either greater than 2 or less than 2,
indicating at least a four-fold change in abundance. The full list of
quantiﬁed proteins is elsewhere [25]. The mean log2 ratios of
proteins whose abundance is either increased or decreased greater
than four-fold between the last day of milking (D03 and D08) and
either 3 or 8 days after drying off (D3 or D8), respectively, are
shown in Table 4. As expected, comparison of the two skimmed
milk or whey samples from lactating cows before drying off (D03
and D08) produced relatively few proteins with log2 ratios of over 2
(seven of the 65 proteins). Comparison of the D3 with the D03 also
produced only a few proteins with log2 ratios over 2 (three of the
65 proteins). In contrast, comparison of the D8 with the D08 pools
revealed many proteins with log2 ratios of 2 or greater (62 of the 65
proteins), with up to 20-fold changes in abundance of individual
proteins. The 65 proteins were assigned to one of eight functional
categories based on their Gene Ontology annotation and manual
literature searches (Table 4). About half of the proteins (36 out of
65) are associated with either host defence or the acute phase
response. The same results were obtained when using DAVID Gene
Ontology enrichment, with the 5 terms that were enriched all
related to host defense and acute phase response (acute
inﬂammatory response, response to wounding, defense response,
inﬂammatory response, acute-phase response).
Fig. 1. Two-dimensional electrophoresis of bovine milk before and after drying off.
Representative 2-DE gels loaded with 500 mg of protein from pooled skimmed milk (left panels) and whey (right panels) from six cows. The proteins were visualised by
staining with colloidal Coomassie blue. The MW markers are shown to the right of the right-hand panels, and the pH range is shown above the top panels. The gels shown were
loaded with samples obtained from the Day 3 involution group before drying off (Day 03, top panels), from the Day 3 involution group 3 days after drying off (Day 3, middle
panels) and the Day 8 involution group 8 days after drying off (Day8, bottom panels). Gels loaded with samples from the Day 8 group before drying off (D08) were analysed but
are not shown. The circles or boxed spots were identiﬁed by mass spectrometry.
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Table 2
Peptides altered in abundance with drying off.
Protein No. peptides D03-D3 No. peptides D08-D8
>2-fold1 P < 0.052 >2-fold1 P < 0.052
Albumin 14 14 11 5
Alpha-lactalbumin 1 – 1 –
Alpha-S1-casein 5 4 5 4
Alpha-S2-casein – – 1 –
Beta casein 5 4 11 7
Complement C3 3 2 3 2
Immunoglobulin G 5 5 3 1
Kappa casein 2 1 2 2
Serotransferrin 1 – 1 1
The values represent the number of distinct protein/peptide spots identiﬁed for
each listed protein for which the difference in the number of peptides between the
conditions is either (1) altered by two-fold or greater, or (2) is signiﬁcantly different
between the conditions as determined by the Student’s T test.
Table 1
2D spots altered in abundance with treatment and identiﬁed by MALDI-TOF.
Spot no. Acc. no. Protein name MOWSE score No. peptides Fold changea
D3/D03 D8/D08
Skim 1 ABW98949 Alpha-S1-casein 208 3 1.11 0.17
2 NP_776953 Alpha-S2-casein 196 2 0.75 0.32
3 ABL74247 Beta-casein 185 2 0.67 0.10
100 Q29443 Serotransferrin 103 3 3.94 14.3
104 CAJ31249 Complement C3 144 3 5.16 36.2
109 Q2UVX4 Complement C3 65 1 4.46 67.4
112 ABW98938 Alpha-S1-casein 182 3 6.24 1.79
113 AAA30430 Beta-casein 170 2 4.69 17.5
114 AAA30430 Beta-casein 106 1 4.61 3.61
136 ABE68619 IgG1 heavy chain constant region 52 1 20.9 11.3
143 AAA30430 Beta-casein 91 1 0.92 0.06
Whey 12 ABL74247 Beta-casein 86 2 1.11 4.04
14 ABL74247 Beta-casein 147 2 0.08 0.02
15 ABL74247 Beta-casein 112 2 0.29 12.1
18 CAA44927 Alpha-lactalbumin 54 1 0.33 0.35
19 ABL74247 Beta-casein 203 2 1.16 0.07
20 ABL74247 Beta-casein 134 2 1.49 0.21
25 ABW98947 Alpha-S1-casein 72 1 24.1 9.21
26 ABW98947 Alpha-S1-casein 120 1 25.9 595
27 ABW98947 Alpha-S1-casein 112 1 50.1 36.7
28 AAA30430 Beta-casein 128 2 1.84 2.52
43 CAJ31249 Complement C3 87 1 3.04 2.74
44 P02769 Albumin 117 2 203 33.9
45 P02769 Albumin 52 1 341 40.8
46 P02769 Albumin 130 2 112 17.9
47 P02769 Albumin 132 2 42.1 7.07
48 P02769 Albumin 80 2 28.1 24.3
49 P02769 Albumin 107 2 21.2 1.16
50 P02769 Albumin 149 3 9.50 0.92
53 P02769 Albumin 171 2 110 2.48
55 P02769 Albumin 73 2 44.1 13.1
57 P02769 Albumin 72 2 16.8 2.93
58 AAB37381 IgG1 heavy chain constant region 63 1 30.3 1.68
59 S22080 IgG1 heavy chain constant region 132 2 11.1 0.91
60 S22080 IgG1 heavy chain constant region 81 1 24.9 4.93
62 S22080 IgG1 heavy chain constant region 119 2 30.3 3.65
65 ACG63494 Alpha-S1-casein 117 3 0.39 1.25
68 P02769 Albumin 53 1 44.4 1.04
69 P02769 Albumin 131 3 14.2 3.86
117 P02769 Albumin 99 2 23.1 5.35
124 AAD32140 Kappa-casein 117 3 2.48 9.09
126 721588A Kappa-casein 63 2 8.38 40.9
130 AAA30430 Beta-casein 156 2 55.1 86.2
137 P02769 Albumin 84 2 13.1 4.29
170 ABW98954 Alpha-S1-casein 61 1 1.40 3.67
a Fold changes in italics indicate a change in the mean abundance greater or less than two-fold. Fold changes bold indicate statistically signiﬁcant changes (p < 0.05) as
determined by the Student’s T test.
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The magnitude of the change in abundance of selected proteins
was assessed in each of the cows in order to verify the responses
observed using the 2-DE gels or mass spectrometry. Five proteins
were selected, based on their association with host-defence,
apparent high magnitude of response, and the availability of
antibodies directed against them. The relative abundance of three
of the proteins (chitinase-3-like 1, complement C3, and lipopoly-
saccharide binding protein) in the individual skimmed milk
samples was assessed by quantitative Western blotting (Fig. 3),
while the relative abundance of a further two proteins (lactoferrin
and immunoglobulin A) was assessed by ELISA. The mean fold
change in abundance of each of the proteins and the standard
errors obtained are shown in Table 5, along with the fold changes
obtained from the proteomics analyses. The DML method
produced broadly similar results to the Western blot/ELISA
Fig. 2. Electrophoresis of bovine milk for GeLC.
SDS gel electrophoresis of 50 mg of skimmed milk and whey samples pooled from
six cows. The samples were resolved on a 12% polyacrylamide gel and stained for
protein using colloidal Coomassie blue. Each lane was cut into ten segments as
indicated by the boxes, and each was subjected to in situ proteolytic digestion,
peptide extraction and mass spectrometry to identify the proteins present.
Skimmed milk and whey was obtained from cows at Day 3 (D3) and Day 8 (D8) after
drying off. Samples were also pooled from all 12 cows before drying off (D03/D08).
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Further, the relatively low standard errors for the Western/ELISA
analysis showed that the responses for at least ﬁve of the proteins
are consistent among the individual cows.
4. Discussion
This study is the ﬁrst to describe the effect of mammary
involution on the low abundance proteins in milk using a
proteomic approach. Overall, the mass spectrometric analyses
revealed at least 65 distinct proteins whose abundance appeared to
be substantially altered during drying off. While the analyses
identiﬁed a smaller total repertoire of milk proteins than that
reported in earlier proteomic studies of milk [11], this would be
expected given the minimal fractionation of milk (skimmed milk
and whey) compared with the extensive fractionation of the earlier
studies and the focus on responsive proteins in this study. The use
of several complementary analytical approaches allows for
independent conﬁrmation of observations, leading to greater
conﬁdence in the ﬁndings. The results shed new light on some of
the biological processes occurring during the early stages of the
involution process.
The 2-DE analysis revealed differences in the pooled skimmed
milk and whey between lactation and after drying off. The
comparison of D03 with D08, which are both in the fully lactating
state, revealed variability between these two conditions that was
similar to the variability between replicate gels. This illustrates the
well-known limited reproducibility of 2-DEanalysis, which is in
part due to variation in efﬁciency of detection among proteins in a
sample and among samples within a set. These effects are only
partially compensated for by normalisation algorithms. The GeLC
analysis identiﬁed 51 distinct proteins with criteria allowing for an
estimate of abundance. The abundance of almost all of these
proteins appeared to be altered greater than two-fold during
drying off. However, there was little concordance between changes
at D3 and D8, or changes observed in skimmed milk with those
observed in whey. Furthermore, many of the apparent changes in
abundance are the result of a protein being detected in onecondition but not another. This suggests that the combination of
GeLC and estimation of quantity of protein by either peptide
number or EmPAI value has only limited utility as a means of
quantifying proteins, except for a few of the more abundant
proteins in milk. The results from the DML quantitative proteomics
show better consistency in this regard, in part because abundance
ratios are determined on individual peptides while eliminating
variability due to comparisons between separate analyses, as
occurs with GeLC. Each of the proteomics techniques used (2-DE,
GeLC and DML) produced a distinct list of proteins as expected, but
with signiﬁcant commonality across the techniques, particularly
GeLC and DML for which 30 proteins were identiﬁed in both
analyses (Fig. 4). The use of multiple technologies was therefore
successful as a screen to identify proteins that might be
consistently altered in abundance among cows during drying
off. The use of antibody based quantitation of selected proteins in
individual milk samples revealed a broad concordance among the
different techniques for some proteins, as well as some notable
differences (Table 5). For example, GeLC underestimated the well-
described increase in lactoferrin with involution [4] and 2-DE
underestimated the increase in complement C3, compared with
proﬁles determined using antibody based analysis techniques. The
approach to normalisation, which is slightly different in the DML
compared with the other techniques, may also have contributed to
differences between the fold changes of some proteins observed
using the different methods. Overall, these observations highlight
the value of using multiple techniques in quantiﬁcation of changes.
A number of insights into the biology of mammary involution
can be made from the results. Firstly, there is an extensive increase
in the abundance of protein fragments and peptides, mostly
derived from the more abundant milk proteins. This increase
occurs at three days after cessation of twice-daily milking, before
the mammary gland is irreversibly committed to an involution
pathway and when full milk production can be recovered on
resumption of twice daily milking [1,26]. This fragmentation of the
more abundant milk proteins occurs before most of the abundance
changes in the host-defence-associated proteins are evident, and
appears to be the result of protease action, most likely plasmin,
which is known to be present in milk [27,28]. Some proteins,
notably albumin, produced a large number of spots, while others,
notably as2 casein, produced relatively few. This suggests that the
proteases act selectively, although it could also be the consequence
of biases inherent in the analysis, as caseins are known to be a good
substrate for plasmin [29]. In most cases the multiple spots for a
protein are present at day 3 after drying off, indicating that the
proteolytic enzymes are activated even at this early stage of
mammary involution.
The ﬁndings presented here suggest that plasminogen is
activated early on in the involution process, conceivably through
a signalling pathway originating from the mammary epithelial
cells lining the alveoli. Possible initiating events include high intra-
alveolar hydrostatic pressure or altered cell shape, as characterised
in recent studies [30–33]. Both the GeLC and quantitative
proteomics analyses revealed the presence of several members
of the serpin family of protease inhibitors, which conceivably could
play a role in changes occurring in mammary epithelial tissue
during dying off. This study therefore serves to focus future work
aimed at elucidating the components of mammary signalling
pathways and the function of proteolysis during involution.
The ﬁnding that approximately half the proteins with altered
abundance, and all enriched GO terms, at day 8 after drying off are
host-defence-related suggests that a robust and complex host
defence response occurs in milk by this time. Many more changes
are apparent at D8 compared with D3, suggesting that these effects
of drying off on the protein composition of milk occur later in
involution or accumulate more slowly compared with activation of
Table 3
Proteins identiﬁed by GeLC.
Acc. no.a Protein name EmPAI Wheyb EmPAI Skim
D0 D3 D8 D0 D3 D8 D8/D0c
P02769 Albumin 7.44 7.02 10.44 1.90 6.24 12.3 6.48
P02662 Alpha S1 casein 0.54 4.65 9.07 3.03 5.53 2.17 0.72
P02663 Alpha S2 casein 0.31 0.97 0.72 4.82 2.38 0.31 0.06
Q3SZR3 Alpha-1-acid glycoprotein 0.35 0.35 0.83
P00711 Alpha-lactalbumin 7.41 0.61 0.61 3.13 0.61 2.26 0.72
P15497 Apolipoprotein A1 0.65 1.02
Q32PJ2 Apolipoprotein A4 0.60
P08037 B4Gal-T1 0.75 0.33 0.21
P01888 Beta 2-microglobulin 0.79 1.51 0.85
P02666 Beta casein 1.01 3.92 1.45 2.53 2.31 3.92 1.55
P02754 Beta-Lactoglobulin 20.6 8.67 8.67 10.7 13.1 28.2 2.64
P18892 Butyrophilin 0.72 0.52 0.72
Q95122 CD14 0.71 0.56
P30922 Chitinase-3-like 1 1.08 1.08 0.46 0.92
P17697 Clusterin 0.42 1.48 1.66 0.42 0.87
Q2UVX4 Complement C3 1.08 1.73 1.29 1.11 1.12 1.48 1.33
DAA16566* CRISP 3 0.29 0.46 0.29 0.46
P50448 Factor XIIa inhibitor 0.52 0.15 0.15 0.23
1714344A* Fatty acid-binding protein 1.03 0.61 0.27
P12799 Fibrinogen gamma 0.47
P07589 Fibronectin 0.03 0.08 0.05
F1M96 Ig Kappa 0.14 0.49 3.07
Q1RMN8 Ig Lambda 1.43 3.39 4.91 2.3 2.27
AAC98391* IgA 0.78 0.47 0.21 0.21 0.62 0.96 4.57
ABE68619* IgG1 4.29 1.66 1.94 0.99 0.47 2.58 2.61
S06611* IgG2 0.8 1.19 1.19 0.48 0.63 1.41 2.94
AAC48762* IgG3 0.63
AAB62251* IgM 0.8 0.82 0.92 1.44 0.72 0.27 0.19
P02668 Kappa-casein 0.94 2.98 4.77 5.78 3.75 4.77 0.83
G3N0V2 Keratin 1 0.41 0.26 0.41 0.12 0.19 0.41 3.42
P06394 Keratin 10 0.48 0.22 0.48 0.39 0.22 0.81 2.08
F1MC11 Keratin 14 0.32 0.23 0.41 1.78
XP_005206304* Keratin 2 0.12 0.25 2.08
XP_001789677* Keratin 6A 0.20 0.27 0.28 0.44 1.57
Q95114 Lactadherin/MGP57 0.27 0.37 0.6 0.37 0.00
P24627 Lactoferrin 6 5.98 5.68 4.33 4.09 5.1 1.18
P80025 Lactoperoxidase 1.93 0.31 0.31 0.31 0.37 1.12 3.61
Q2TBI0 Lipopolysaccharide binding protein 0.4 0.31 0.71
Q0P569 Nucleobindin-1 0.48 0.3
P31096 Osteopontin 0.41 0.78 0.78 0.78 1
P81265 Polymeric Ig receptor 1.18 0.54 0.61 0.41 0.35 0.54 1.32
P80195 PP3/GlyCAM-1 0.97 0.97 0.25 1.48 5.92
P34955 Serpin A1 0.59 0.26 0.26 0.59 0.72
A2I7N3 Serpin 2B/A3-7 0.45 0.46 0.26 2.17 2.17
Q9TTE1 Serpin A3-1 0.26 0.26 0.26 0.36 0.59
G8JKW7 Serpin A3-5 0.36 0.17 0.47
A6QQA8 Sulfhydryl oxidase 1 0.40 0.34 0.09 0.09
Q28178 Thrombospondin 1 0.51 0.39 0.21 0.46
Q29443 Transferrin 0.72 0.57 0.57 0.57 1.07
P80457 Xanthine dehydrogenase 1.13 0.71 0.19 0.37 0.80 0.48 1.30
Q3ZCH5 Zinc-alpha-2-glycoprotein 0.30 0.30 0.69
a Equivalent SwissProt accession number for proteins identiﬁed in the NCBI database. Numbers indicated by an asterisk are NCBI accession numbers for proteins for which
an identical sequence was not present in the SwissProt database.bExponentially modiﬁed protein abundance index, calculated as described (18), and obtained by querying
MS/MS data against the NCBI database using the MASCOT software package. Ratios between the conditions are presented in Supplementary Table 1. Blank spaces indicate
where the protein was not detected.cRatio (fold change) in EmPAI between D8 and D0 in skimmed milk. Additional data is presented in Supplementary ﬁle 1.
72 I. Boggs et al. / EuPA Open Proteomics 9 (2015) 65–75proteolysis. This ﬁnding reinforces earlier microarray-based
studies showing that expression of many inﬂammation- and
immune-associated genes is induced in the mammary gland 24 h
after drying off [3]. Together, these studies suggest that an
inﬂammatory response is closely associated with the milk stasis/
mammary involution process. The abundance of a number of
known or putative immune effector or pathogen-recognition
proteins was shown to be substantially increased during the
involution process. These include cathelicidins, complement
proteins, chitinase-3-like protein-1, CRISP, immunoglobulins,lactoferrin, lipopolysaccharide binding protein, RNase5, serum
amyloid A, and tetranectin. A higher abundance of these proteins
may serve to provide a more effective barrier to colonisation of the
mammary gland by mastitis-causing pathogens. The increased
abundance of these proteins during drying off could conceivably be
a physiological adaptation to the well-characterised increased
vulnerability of the mammary gland to microbial colonisation
during this stage of the lactation cycle, as reviewed by Green et al.
[34]. Many of the host defence proteins shown to respond during
involution in this study have also been reported to be induced in
Table 4
Proteins detected by DML with log2 ratio greater than 2.
UniProt. Protein name Biological function Ratioa Ratio Ratio Ratio
Acc. no D08/D03 D3/D03 D8/D08
Sb Wc S W S W
Q0VCX2 78 kDa glucose-regulated protein Metabolism 2.07
P60712 Actin, cytoplasmic 1 Structural 4.36 3.08
P02769 Albumin Transport 2.58 0.10
Q3SZR3 Alpha-1-acid glycoprotein Acute phase 2.74 0.03
Q2KJF1 Alpha-1B-glycoprotein Other/unknown 3.39 0.72
P12763 Alpha-2-HS-glycoprotein Host defence 2.74 0.22
Q7SIH1 Alpha-2-macroglobulin Other/unknown 3.32 1.40
P00711 Alpha-lactalbumin Major milk protein 0.07 2.95
P02662 Alpha-S1-casein Major milk protein 1.31 2.32
P02663 Alpha-S2-casein Major milk protein 1.24 2.24
F1MSZ6 Antithrombin-III Other/unknown 2.50 1.05
P15497 Apolipoprotein A-I Host defence 0.93 2.70 2.92 1.63
Q32PJ2 Apolipoprotein A-IV Host defence 2.11 1.46
Q03247 Apolipoprotein E Host defence 4.32 1.87
P01888 Beta-2-microglobulin Host defence 2.35 2.58
P02754 Beta-lactoglobulin Major milk protein 5.41 2.94 0.04
P21809 Biglycan Structural 3.79
Q28065 C4b-binding protein alpha chain Host defence 2.22
P22226 Cathelicidin-1 Host defence 3.45
P25975 Cathepsin L1 Host defence 2.90
F1N076 Ceruloplasmin Acute phase 2.18
P30922 Chitinase-3-like 1 Host defence 2.02 2.27 3.85 2.39
P17697 Clusterin Transport 2.13 1.13 3.70 1.36
Q2UVX4 Complement C3 Host defence 2.94 1.08
E1BH06 Complement C4 Host defence 3.88 1.95
Q3MHN2 Complement C9 Host defence 2.67 0.23
P81187 Complement factor B Host defence 3.02 1.01
F6R3I5 CRISP 3 Host defence 2.05 1.19
A6QLZ7 CRISP LD2 Signal transduction 2.33
Q27968 DNAJ C3 Host defence 2.34 2.03
P02672 Fibrinogen alpha chain Acute phase 3.93 2.26
P02676 Fibrinogen beta chain Acute phase 4.16 2.69
P12799 Fibrinogen gamma-B chain Acute phase 3.34 1.73
P07589 Fibronectin Acute phase 3.25 0.79
G3N2D8 Gamma-glutamyltranspeptidase Host defence 1.70 2.02
Q3SX14 Gelsolin Host defence 3.21 0.69
Q2TBU0 Haptoglobin Acute phase 2.53
Q3SYR8 Immunoglobulin J chain Host defence 2.16 0.97
F1MZ96 Immunoglobulin kappa Host defence 2.85 1.29
F1MLW8 Immunoglobulin light chain, lambda Host defence 2.79 1.83
Q3T052 Inter-trypsin inhibitor H4 Acute phase 2.08
Q9XSG3 Isocitrate dehydrogenase [NADP] Metabolism 2.06 1.85
P02668 Kappa-casein Major milk protein 2.83 1.39
F1MC11 Keratin, type I cytoskeletal 14 Structural 3.86
Q95114 Lactadherin / MGP57 Structural 1.86 2.14
P24627 Lactoferrin Host defence 3.94 2.32
Q2TBI0 Lipopolysaccharide-binding protein Host defence 2.45 2.19 2.56 1.64
Q5E9B1 L-lactate dehydrogenase B chain Metabolism 3.18
Q0IIA2 Odorant-binding protein-like Transport 2.17 0.33
P31096 Osteopontin Host defence 2.50 0.32
P62935 Peptidyl-prolyl cis-trans isomerase A Host defence 2.62
P81265 Polymeric immunoglobulin receptor Host defence 2.55 0.80
P26779 Proactivator polypeptide Metabolism 3.48 0.66
F1MM32 Sulfhydryl oxidase 1 Metabolism 3.21 1.95
P10152 RNase5 Host defence 2.05
Q29443 Serotransferrin Transport 2.48 0.29
P34955 Serpin A1 Acute phase 2.60 0.05
Q9TTE1 Serpin A3-1 Other/unknown 2.45 0.30
A2I7N3 Serpin 2B / A3-7 Other/unknown 2.38 1.23
P35541 Serum amyloid A protein Acute phase 2.79 2.29 3.81 2.04
Q2KIS7 Tetranectin Structural 2.02 0.21
Q28178 Thrombospondin-1 Host defence 3.09 2.22 2.00 0.72
O46375 Transthyretin Transport 2.54 0.04
Q3MHN5 Vitamin D-binding protein Transport 3.47 0.51
Q3ZCH5 Zinc-alpha-2-glycoprotein Host defence 2.74 0.27
a Values are log2 of the absolute ratio of heavy to light isotope, relative to D0. The log2 ratios are presented for all conditions, for proteins having a log2 ratio greater than 2 or
less than 2 (representing a greater than 4-fold increase or decrease) for at least one of the conditions. The absence of a ratio indicates that the protein was not detected in that
condition after applying threshold criteria.bS: Skim. cW: Whey.
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Fig. 3. Quantitative Western blotting of selected milk proteins.
Skimmed milk pooled from the four quarters of each cow were analysed individually. Milk was collected before drying off (D03, D08) and either at Day 3 or Day 8 after drying
off, as indicated. Samples from cows after drying off were separated by an empty lane in order to minimise spill-over of sample. The proteins were resolved on 12.5%
polyacrylamide gels, transferred to membrane and probed for detection of speciﬁc milk proteins, and the signals visualised by enhanced chemiluminescence and captured
with an equal exposure time using a CCD camera as described in the Methods. The signals obtained for Complement C3 (C3), chitinase 3-like 1 (CHI3L1) and









Fig. 4. Venn diagram of proteins identiﬁed by the proteomics techniques.
The number of distinct proteins altered in abundance with drying off and identiﬁed
from 2-DE gel spots as listed in Table 2, the number of distinct proteins identiﬁed by
GeLC and meeting quantitative assessment criteria as listed in Table 3, and the
number of proteins identiﬁed by DML as altered in abundance are shown. The
number of distinct proteins identiﬁed in common among the analyses are indicated
by the numbers within the interactions of the ellipses.
74 I. Boggs et al. / EuPA Open Proteomics 9 (2015) 65–75response to mastitis [10,11,15,35]. This supports the notion that
involution and the presence of mastitis pathogens trigger similar
inﬂammatory responses in the bovine mammary gland. Further-
more, one function of activation of proteases during involution,
which also occurs during mastitis, may be to produce proteolytic
fragments that have antimicrobial activity, thus further contribut-
ing to the effectiveness of host defence of the mammary gland
during involution.Table 5
Fold increase in selected proteins after drying off.
Protein Western blotting/ELISA 2-DE GeLC DML
D3/D03a,b D8/D08a,b D8/D08a D8/D08a D8/D08a
Chitinase-3-like 1 19  8 32  7 ND de novo 14
Complement C3 13  4 21  8 3 1.3 8
LBP ND 8  2 ND de novo 6
Lactoferrin 3  1 25  8 15 1.2 15
IgA 3  1 6  2 ND 4.6 ND
a Values are ratios of untransformed abundances.bErrors are SEM determined
from analysis of samples from 6 cows per condition(ND) Not detected; (de novo) not
detected in D08.5. Conclusions
This study, the ﬁrst to address changes in low abundance milk
proteins during drying off, has provided evidence for elevated
proteolytic activity within the ﬁrst three days after drying off, as
well as increased abundance of 36 host-defence associated
proteins. These ﬁndings suggest that a multifaceted host defence
response occurs during involution, similar to that occurring in
response to mastitis. These ﬁndings have potential value in
understanding the physiology of milk, identiﬁcation of biomarkers
for cows that are tolerant to once-daily milking, which is a
common management practise in pasture-grazed dairying [36], or
identiﬁcation of biomarkers for resistance to mastitis. Also, cows
with particularly robust responses to milk stasis could be used to
extract speciﬁc host defence-associated proteins on a commercial
basis as active ingredients for functional foods. Thus, the ﬁndings
presented here have the potential to lead, ultimately, to better
dairy cow health through selection of mastitis-resistant animals,
better dairy productivity through capturing the potential com-
mercial value of the bioactivities in milk, and contribute to better
health outcomes for consumers of functional foods containing milk
extracts enriched for these host defence proteins.
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